Multinucleation is indispensable to the bone-resorbing activity of mature osteoclasts. Nevertheless, little is known about the regulatory networks among multinuclei in a single mature osteoclast. For this reason, we purified osteoclastic factors from the nuclear envelope by two-dimensional gel electrophoresis. Two annexin family proteins and ferritin light chain 1 protein were identified as osteoclastic candidates.
Osteoclasts are macrophage-like bone-resorbing cells that differentiate from hematopoietic stem cells. Differentiation is triggered by the actions of several regulators, including a key cytokine, RANKL, and an important transcription factor, NFATc1. 1, 2) During maturation, precursor cells fuse to produce a giant cell with multiple nuclei. Fully mature osteoclasts bear approximately 20 nuclei. 3) Multinucleation appears indispensable to the full function of mature osteoclasts in bone resorption. 4) It has been speculated that communication between nuclei is necessary for mature osteoclastic function. 5) However, the molecular basis of multinucleation and cellular communication among the nuclei within the same cell are not well understood.
To address this point, we focused on nuclear envelope proteins, since cellular communication among multinuclei might be mediated by specific proteins on the nuclear surface. In the present study, we identified osteoclastic factors biochemically among nuclear envelope proteins of mouse macrophage-like leukemia monocyte Raw264 cells. This cell line differentiates to multinucleated osteoclasts (MOCs) on treatment with RANKL. Nuclear envelope extracts were prepared from precursors and MOCs following a previous report, as shown in schema 1 (Fig. 1A ). 6) MOC formation was confirmed by expression of the cathepsin K (Ctsk) protein, a marker of mature osteoclasts. 7) Likewise, the purity of the cellular fractionation was confirmed by immunoblotting for the following marker proteins: a cytosolic marker (-tubulin) for S1, a nuclear marker (phosphorylated RNA polymerase II on serine 2 [RNAPII-Ser2P]) for S2, and a nuclear envelope marker (laminA) for S3 ( Fig. 1B) . Although nuclear envelope extracts (S3) of the precursor cells can be partially contaminated by nuclear extracts (S2) ( Fig. 1B ), 2D gel electrophoresis was performed with the S3 fraction from precursor cells (precursors) and differentiated cells (MOCs). Raw264 cells were treated with GST-RANKL (234 ng/ml, Oriental Yeast, Tokyo, Japan) for 6 d to induce differentiation to mature osteoclasts. A, Schema for the preparation of nuclear envelope extracts. B, Successful fractionation of the extracts was confirmed by immunoblotting with antibodies against the marker proteins: cytosolic extracts, --tubulin (sc-5286; Santa Cruz, Delaware, CA); nuclear extracts, -RNAPII-Ser2P (MMS-129R; Covance, Princeton, NJ); nuclear envelope extracts, -laminA (ab133A2; Abcam, Cambridge, MA). Ctsk (182-12G5; Cosmo Bio, Tokyo, Japan) was used as a MOC marker. Ã Sup. and S1, 2, 3: supernatant 1, 2, 3. Ã MOCs: multinucleated osteoclasts.
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The first separation of the S3 fraction by 2D gel electrophoresis used a pI range of 5 to 8, followed by a second separation by molecular weight in a 12% polyacrylamide gel. The separated proteins were visualized by silver staining. Six spots were observed in both cell preparations, while four spots were specific for MOCs ( Fig. 2A ). These were further identified by MALDI-TOF/MS analysis and a MS-Fit program (Fig. 2B ). Two annexin family proteins (annexin A1/ A7) and one ferritin protein (Ftl1) were identified as osteoclastic proteins.
The annexin protein family includes a class of Ca 2þeffector proteins that mediate cellular responses to changes in Ca 2þ levels. [8] [9] [10] It has been reported that they are localized in various cellular compartments including the nucleus, the cytosol, and the membrane. 8, 11) Of the annexin protein family, annexin A2 (annexin-II) has been studied as an autocrine-paracrine factor regulating osteoclast activity and osteoclast formation. 12, 13) Hence we proposed that annexin A1/7 proteins also serve as activators for osteoclast formation or activity. To address this, the expression levels of annexin A1/7 were tested by RT-PCR/real-time RT-PCR and Western blot analysis after a RANKL treatment for 6 d. On real-time RT-PCR, a clear increase was observed in annexin A1 (Fig. 3A) , and its protein level also appeared to be up-regulated (Fig. 3B ). However, for annexin A7, only the protein level increased, suggesting that the annexin A7 protein is under post-translational control.
Ferritin light chain 1 (Ftl1) is a prime protein that stores and releases intracellular iron in a controlled fashion. 14, 15) It is detected in various cellular compartments, like the annexin protein family. 16) Recently, it was reported that osteoclastogenesis requires iron through the activity of transferrin receptor 1 (TfR1), which promotes osteoclast differentiation and boneresorbing activity by mediating iron uptake. 17) Hence we speculated that Ftl1 mediates iron metabolism during osteoclastogenesis. Confirming this, it was determined that the protein level of Ftl1 was higher in MOCs (Fig. 3B) , while the transcript level was unaltered as judged by the results of real-time RT-PCR (Fig. 3A) . This also suggests that the increased Ftl1 protein level in MOCs is due to post-transcriptional events. In this study, we identified three MOCs-specific candidates, annexin A1/7 and Ftl1, by purification of nuclear envelope extracts by 2D gel electrophoresis.
Though we have not yet tested to determine their roles in osteoclastogenesis, they appear to be nuclear envelope-indicators for mature osteoclasts. An analysis of the 2D gels indicated that additional MOCs-specific proteins are present and remain to be identified (see Fig. 2A , green circles). These experimental approaches are assumed to provide a clue to the molecular basis of a regulatory network among multiple nuclei in mature osteoclasts. A, Raw264 cells were differentiated to mature osteoclasts by GST-RANKL treatment for 6 d. Total RNA was extracted using TRIZOL (Invitrogen), and 1 mg of total RNA was reverse-transcribed into first-strand cDNA with oligo-dT using SSIII reverse transcriptase (Invitrogen). Then, cDNA was amplified with the indicated primer sets. For real-time RT-PCR, 500 ng of total RNA was reverse-transcribed into first-strand cDNA with oligo-dT using PrimeScript RT reagent Kit (Takara, Ohtsu, Japan). Then, the factors identified were analyzed using SYBR Premix Ex Taq (TaKaRa) and the Thermal Cycler Dice Real Time System (Applied Biosystems, Foster, CA) with the indicated primer sets. Relative mRNA levels were represented by values normalized by Gapdh transcript levels. Acp5 and Ctsk were used as osteoclast-specific genes. Gapdh was used as loading control. B, Raw264 cells were differentiated to mature osteoclasts, and each extract was fractionated according to schema 1. Then the identified proteins were detected by immunoblotting in nuclear extracts with antibodies: -annexin A1 (ab33061; Abcam), -annexin A7 (ab33013; Abcam), -ferritin light chain (ab69090; Abcam). RNAPII-Ser2P (MMS-239R; Covance) was used as loading control. Ctsk (182-12G5; Cosmo Bio) was used as a MOC marker.
